Introduction
During recent years, the research efforts in the field of induction motor control have been mainly focused on 'sensorless' solutions. Sensorless control couples the advantages given by the use of induction motors compared to the other kind of electric machines (see, for instance, [1] ) with the possibility of reducing the realization costs of the control system, thanks to the elimination of the sensors relevant to the mechanical variables [2] . In induction motors, with or without sensors to measure the rotor flux and speed, the problem of controlling the speed (torque) and the flux is quite difficult to solve, because of the system nonlinearities, the strict coupling between the state variables, and the presence of critical parameters such as the rotor resistance, the values of which may significantly change with respect to their nominal value during operations. As a consequence, high performance and high robustness properties are required by the control and the observer algorithms.
A great number of valid proposals of sensorless control schemes for induction motors has appeared in the literature recently (see, for instance, [3] , [4] , [5] , [6] , [7] , [8] and the references cited therein). Among these, many proposals rely on the possibility of solving the induction motor control problem, even in the sensorless case, via a variable structure control approach, forcing the controlled system to operate in the so-called 'sliding mode' [9] . The sliding mode control design methodology, capable of guaranteeing high levels of robustness against matched disturbances and parameter variations, seems quite appropriate to design both the observers and the controllers for induction motors (see, for instance, [10] , [11] , [12] , [13] , [14] , [15] , [16] , [17] , [18] ).
The paper by Barambones and Garrido presents a further proposal in this context. It is based on the use of field oriented control [1] , but by virtue of the use of a suitably designed speed observer, can be exploited even in sensorless applications. The paper by Barambones and Garrido exploits the potentialities of the sliding mode approach only in the design of the control loop. As for the design of the flux and speed observer, it relies on a Luenberger observer (for rotor flux and stator currents) coupled with an adaptive mechanism to estimate the rotor speed. The control variable becomes discontinuous, as the sliding variable, depending on the speed tracking error and its integral, vanishes. The control amplitude is not selected on the basis of known upperbounds of the uncertainty terms, as is common in sliding mode control design [19] , but it is adapted through a tuning mechanism which is switched off only when the sliding manifold is reached. This, eliminates the necessity of the knowledge of the upperbounds, which is clearly a benefit. Yet, the proposed gain adaptation mechanism can be conservative, in the sense that the steadystate value reached by the switching gain is not the smaller value which allows to overcome the actual systems uncertainties. This simply depends on the fact that the proposed adaptation mechanism always tends to increase the switching gain unless the sliding variable is equal to zero. Indeed, since the system uncertainties are assumed to be bounded, even starting with a non sufficiently high gain, there exists a time instant when the gain becomes high enough to dominate the uncertainties. From that instant on, the sliding variable begins to decrease, attracted by the sliding manifold, but, according to the adaptation mechanism proposed by the authors, the switching gain keeps on increasing until the sliding variable is steered to zero and the gain is frozen. The peculiar choice of the switching gain adaptation mechanism made in the paper, even though compatible with the solution of the control problem in question, can make the drawback of 'chattering', typical of sliding mode control, even worse.
In this paper, as a complement to the paper by Barambones and Garrido, some issues relevant to the use of the sliding mode approach to control sensorless induction motors are briefly discussed. More specifically, a description of the two basic ways to design the control scheme to control the speed of an induction motor is first provided. Some comments on the aforementioned major limitation of the sliding mode approach, the so-called 'chattering', are made, including the indication to a possible solution to circumvent such a limitation. Finally, the possibility of using the sliding mode approach not only to design the controller, as done by the authors, but also to design the flux and speed observer is briefly addressed.
The Sliding Mode Approach to Control Induction Motors
The paper by Barambones and Garrido proposes a solution to the problem of controlling the speed of induction motors. There are two typical ways to realize a sliding mode speed control scheme for induction motors. The first way, illustrated in Fig. 1 , is characterized by the presence of an inner loop with a current controller, and an outer loop with the speed and the flux controllers. The latter provides the reference currents for the inner loop. A possibility is that the reference currents are generated by enforcing sliding modes on suitably designed sliding manifolds which depend on the speed and the flux tracking errors as discussed in [20] . The current controller of the inner loop can be a conventional PI controller. The second method directly designs as discontinuous control signals the voltages at the output of a sliding mode speed and flux controller, neglecting the current control loop. An example of this second approach is the control scheme illustrated in [10] .
The Chattering Problem
In general, the major problem associated with the use of sliding mode control in practical applications is the possible generation of high frequency oscillations of the relevant signals, the so-called 'chattering', which can cause performance degradation and excessive mechanical wear. This can occur also in variable structure control schemes for induction motors, both of conventional and sensorless type. In the paper by Barambones and Garrido the problem of chattering is mentioned in the description of simulation results. The motor torque, in particular, turns out to be affected by chattering because of the discontinuity of the designed current command. The chattering phenomenon has been carefully analyzed in the literature [10] , [21] , [22] , [23] . In particular, in [24] it has been pointed out that chattering cannot be eliminated by simply increasing the order of the sliding modes enforced by the controller. Nevertheless, simulation evidence and experimental tests show that, given a system composed by the plant and the actuator, with fixed relative degree, by moving the discontinuities (required to make the control scheme a variable structure scheme, so that sliding modes can be generated) to the higher order time derivatives of the control variables, the effects of chattering are alleviated. Thus, a possibility to counteract the chattering effect observed by the authors in the motor torque is to re-formulate the controller so that a continuous control law is designed, with discontinuous first time derivative. This idea, illustrated in [16] , is hereafter briefly re-called.
To design a sliding mode control algorithm by using the first time derivatives of the stator currents as control inputs, one can rely on the control scheme in Fig. 1 and assume that the current loop can be regarded as an high-gain loop. Then, suitable sliding variables need to be selected. To this end, one can take into account, for instance, the fifth order model of the induction motor (for the sake of simplicity, a one pole pair is assumed) defined, in the orthogonal stator reference frame, a-b by the following equations
where
! is the rotor speed, a , b are the rotor fluxes i a , i b are the stator currents u a , u b are the stator voltages, À l is the load torque, J is the moment of inertia, K f is the friction coefficient, R r , R s and L r , L s are the rotor and stator windings resistances and inductances, respectively, and M is the mutual inductance. Note that, for current-fed induction motors with high-gain current loop, the control design can be performed on the basis of the following reduced order model of the motor
by considering the stator currents, i a , i b as actual control inputs, the rotor fluxes, a , b as the state variables, À l as an external input, and as an unknown parameter (depending on the rotor resistance value). Let the quantities ! r t ð Þ and É 2 r t ð Þ be the reference signals for the rotor speed and the square modulus of the rotor flux
, respectively (the first, and second time derivatives of the speed and flux references are assumed to be bounded). Then, the tracking errors! ! andÉ É can be defined as
Relying on the tracking errors, the following sliding variables can be chosen
with k ! and k É as positive design parameters, and the first time derivative of s T ¼ ½s 1 s 2 is given by
Note that in (6), 
By transforming the sliding variables through the use of matrix ¼ D À1 , (matrix exists when É k k 6 ¼ 0), the differential equation describing the time evolution of s Ã can be written as
Then, by choosing the auxiliary control vector components as
it can be proved that, for sufficiently high values of the positive design parameters I a and I b (note that the so-called 'reaching condition' [19] has to be fulfilled), the objective of reaching the manifold s Ã ¼ 0 in finite time is attained. In other terms, a sliding mode is enforced by means of a continuous actual control signal, namely i T ¼ ½i a i b , the auxiliary control signal being discontinuous. Obviously, once in sliding mode, the evolution in time of the tracking errors is dictated by the following equations
so that the exponential convergence to zero of the tracking errors is obtained.
Unlike the controller proposed by Barambones and Garrido, the variable structure controller just described does not require the knowledge of the load torque and of some mechanical parameters. In the foregoing solution, the knowledge of an upperbound of the uncertain terms is necessary. This necessity is removed in the paper by Barambones and Garrido by virtue of the use of the adaptive mechanism acting on the switching gain.
Note that the use of the first time derivatives of the stator currents as discontinuous control signals is allowed by virtue of the peculiar choice of the sliding variables, which differs from that proposed in the paper by Barambones and Garrido. The authors, in their conclusions, mention the fact that their proposal does not require the measurement of the acceleration signals. In contrast, the choice of the sliding variables indicated in Eq. (5) implies the availability of such signals. Yet, as discussed in [12] , the requirement of measurable acceleration signals can be overcome by including in the control scheme suitably designed sliding mode based differentiators.
As a further development, a variable structure control scheme characterized by the use of a continuous control signal, with continuous first time derivative and discontinuous second time derivative has been proposed in [25] relying on the concept of 'second order sliding mode' [26] , [27] . In [16] and [25] , the control structure is typical of a conventional current-fed induction motor, with the stator currents playing the role of control variables. Nevertheless, relying on the control approach described in [10] , and adopting the same strategy of confining the discontinuity to the higher order derivatives of the control variable, variable structure control schemes for induction motors with reduced chattering can be designed even when adopting the direct approach characterized by the use of the stator voltages as control variables.
The Sensorless Case
When a sensorless application is considered, it is necessary to include in the speed control scheme a flux and speed observer. The accuracy of the observed flux significantly affects the performances of the controlled induction motor. The flux observer usually relies on a speed and a rotor resistance estimation mechanism, even though proposals of flux observers which do not require the rotor speed adaptation have appeared in the literature recently (see, for instance, [10] , [11] , [17] and [28] ).
Barambones and Garrido in their paper adopt a Luenberger observer to estimate the state of the considered system, that is, the stator currents and the components of the rotor flux. The rotor speed appears as a parameter in the matrix A of the observer. Then, an adaptive law to estimate the speed is conceived relying on Lyapunov considerations. This approach to design the flux observer has also been investigated in [6] , [29] and [30] , among others. A possible alternative to the proposal by Barambones and Garrido is again provided by the sliding mode theory.
As a matter of fact, the use of a variable structure approach based on the generation of sliding modes proves to be effective also to design the flux and speed observer, even though simultaneous observation of the rotor flux and rotor speed is actually a hard problem to solve. An intuitive idea to design a flux and speed observer by applying the sliding mode control methodology is to exploit the concept of 'equivalent control' or 'equivalent value' of a discontinuous signal [9] . This is the idea pursued in [10] and [11] to estimate the flux and the speed simultaneously relying on the measurements of the stator currents and voltages. The 'equivalent value' of the estimated rotor speed Ø can be determined by solving a first order differential equation involving a suitably selected sliding variable, and it proves to be equal to the actual speed if the observed rotor flux converges to the true rotor flux. In practical applications, according to [9] , the 'equivalent value' of a variable can be obtained at the output of a low-pass filter having as input the corresponding discontinuous signal (the estimated rotor speed Ø in the considered case).
The literature about sliding mode flux and speed observers is extensive: it comprises proposals which are based on the 'equivalent value' philosophy sketched above, and others in which a sliding mode flux observer is connected with an adaptation mechanism to estimate the rotor speed. To conclude this discussion paper, a suggestion can be given to the authors to further develop their research in the field of sensorless induction motor control, investigating the possibility of coupling their controller with a sliding mode observer to come up with an homogeneous variable structure observer-based control scheme.
